Introduction
Tetrahydrofolate (H 4 folate) is a critical C1-unit mediator in the cell. It accepts a C1 unit, which is in turn utilized in various ways such as nucleic acid and amino acid syntheses [1] . One of the main H 4 folate derivatives with a C1 unit is N 5 , N
10
-methylene tetrahydrofolate (5,10-CH 2 -H 4 folate). The 5,10-CH 2 -H 4 folate is, for example, utilized for the synthesis of thymidine. In general, 5,10-CH 2 -H 4 folate is reversibly converted to another H 4 folate derivative with a C1 unit, N 5 -methyl tetrahydrofolate (5-CH 3 -H 4 folate), by 5,10-CH 2 -H 4 folate reductase, and 5-CH 3 -H 4 folate is utilized for methionine synthesis [2] .
In most organisms, the glycine cleavage system is involved in the formation of 5,10-CH 2 -H 4 folate [3] . This system is composed of T-protein, P-protein, Lprotein, and H-protein. A lipoylated H-protein (oxidized form) is modified by P-protein and the resultant aminomethyl-lipoylated H-protein becomes a substrate of T-protein. T-protein, which belongs to the aminomethyltransferase family (EC 2.1.2.10), forms a complex with the aminomethyllipoylated H-protein and catalyzes a methylene group transfer from aminomethyllipoylated lysine to H 4 folate [3] . The molecular mechanisms of 5,10-CH 2 -H 4 folate generation in the T-protein have been analyzed based on the crystal structures [4] . The crystal structure of Escherichia coli T-protein in complex with the cognate H-protein showed that the aminomethyllipoylated lysine of H-protein is inserted into the active site of Tprotein via a small tunnel and the aminomethyllipoyl group is located just beside H 4 folate for the catalytic reaction. Mutational analysis based on the crystal structure of the T-protein-H-protein complex suggested that Tyr84, Asp96, Asp97, Asn113, and Arg223 are involved in the catalytic reaction of T-protein [4] .
While most living organisms utilize the glycine cleavage system for the synthesis of 5,10-CH 2 -H 4 folate, we found that Sphingobium sp. strain SYK-6 (hereafter SYK-6) [5] , a lignin-derived aromatic compounddegrading bacterium isolated from a restricted nutrient environment, lacks the glycine cleavage system. Instead, H 4 folate-dependent O-demethylases, LigM and DesA, in the catabolic pathways for the lignin-derived aromatic compounds seem to be involved in the C1-metabolism in SYK-6. LigM and DesA demethylate vanillate (VNL)/3-O-methylgallate (3MGA) and syringate (SYR), respectively, and transfer a C1 unit (methyl moiety) from the substrate to H 4 folate, forming 5-CH 3 -H 4 folate (Fig. 1 ) [6, 7] . The resultant 5-CH 3 -H 4 folate is then converted to 5,10-CH 2 -H 4 folate by MetF, which is a 5,10-CH 2 -H 4 folate reductase [6] . Interestingly, while the product of the catalytic reaction is not 5,10-CH 2 -H 4 folate but 5-CH 3 -H 4 folate, the amino acid sequences of LigM and DesA exhibit a weak similarity (26% and 27% amino acid sequence identity, respectively) to that of the E. coli Tprotein [8] . These facts suggest that LigM and DesA are evolutionarily related to T-protein but have specific characteristics in their active sites due to their catalytic reactions being distinct from those of T-protein.
O demethylation is an essential catabolic process for the degradation of VNL and SYR, because this process generates catecholic substrates, protocatechuate (PCA), 3MGA, and gallate, which are further catabolized via aromatic ring-cleavage pathways [9] . O demethylation of VNL is especially important for the production of industrially valued chemicals, such as 2-pyrone-4,6-dicarboxylic acid and cis,cis-muconic acid, from lignin through PCA [10, 11] . Although, in addition to LigM/DesA, a class IA oxygenase (VanAVanB) is also known to be a VNL demethylase in aerobic bacteria [12, 13] , the details of the catalytic mechanisms of these enzymes remain elusive because their crystal structures have not been resolved. To understand the catalytic mechanisms of LigM/DesA and their evolutionary relationship with T-protein, we initiated a structural analysis of LigM. In this study, we determined the crystal structures of LigM and its substrate complexes. These crystal structures revealed characteristic features of LigM that are distinct from those of T-protein. In addition, we proposed a possible mechanism of the O demethylation catalysis by LigM. This is the first description of a catalytic mechanism of an O-demethylase that utilizes H 4 folate as a cofactor. 
Results

Primary structure analysis of LigM and its homologs
LigM homologs identified by a database search from the Sphingobium, Sphingomonas, and Novosphingobium genera were classified as LigM-like proteins and utilized in the primary structure analysis. Sequence alignment of 10 T-proteins and 78 LigM-like proteins (including LigM) revealed clear differences between them (Fig. 2 
Crystal structure of LigM
The crystal structure of LigM was determined by the single anomalous diffraction (SAD) method using a platinum (Pt)-derivative crystal [14] . The asymmetric unit of the LigM crystal of space group P2 1 2 1 2 contains three LigM molecules, molecules A, B, and C (Fig. 3A) . The size-exclusion chromatography analysis using multiangle static light scattering (SEC-MALS) revealed a single peak of molecular weight 104 kDa.
As the molecular weight of a LigM monomer is estimated to be 52.3 kDa, LigM is likely to be a dimer in solution. We next attempted to identify the biological LigM dimer in the crystal. Analysis of the biological unit using PITA software [15] suggested that dimer B-C in the asymmetric unit (or a dimer of A subunits that are related to each other by the crystallographic twofold axis) corresponds to a dimer in solution (Fig. 3A) . The average interface area of the two crystallographically independent dimers is 1795.5 A 2 , which seems to be sufficient to form a stable dimer in solution. Moreover, the same dimer was found in a P3 1 21 crystal of LigM ( Table 1) .
The crystal structure showed that LigM is composed of four domains, domains I-IV (Fig. 3B) . Of the four domains, domains I (Tyr29-His60, Ser148-Pro258), II (Met61-Arg147, Val302-Arg334), and IV (Lys335-Arg457) correspond to domains 1, 2, and 3 of the E. coli T-protein, respectively [4] . Domain III (Met1-Ala28, Ser259-Tyr301), which is mainly formed by Nterminal residues and INS-3, is unique to LigM. There is a large cavity between domains I and II. Some of the residues specifically conserved in LigM-like proteins are distributed inside and near the cavity (Fig. 3C ). The corresponding cavity is the active site of the E. coli T-protein [4] .
The least-squares fitting between LigM and the E. coli T-protein (PDB ID: 3A8I) gave a root-meansquare deviation of 2.6 A for 296 structurally corresponding Ca atoms (Fig. 3D ). The superposition demonstrated that the catalytic residues of E. coli Tprotein [4] were not structurally conserved in LigM. Interestingly, all insertions, INS1-INS5, are located on the back side of the LigM molecule and form a continuous surface (Fig. 3E) . While the E. coli T-protein has a small tunnel for the aminomethyllipoylated lysine residue of the H-protein, the corresponding tunnel is sealed by Tyr31 and Pro248 in LigM. Furthermore, the H-protein-binding site is covered by residues 344-370, and a portion of this sequence is included in INS-4. These structural characteristics in LigM are reasonable, because LigM recognizes lignin-derived aromatic compounds but not proteinaceous ligands such as the H-protein.
Crystal structures of the substrate complexes
To gain insights into the substrate recognition and catalytic mechanisms of LigM, we determined the crystal structures of the LigM-H 4 folate and LigM-substrate complexes ( Table 1) . Crystals of these complexes were prepared by the soaking method.
The large cavity between domains I and II binds H 4 folate (Fig. 4A ), suggesting that this large cavity is the active site of LigM. The bound H 4 folate, which adopts a conformation similar to that in E. coli T-protein, forms hydrogen bonds with Gln57, Gln93, Val120, Gln165, and Glu215. Of these residues, only Glu215 is completely conserved throughout LigM-like proteins and T-proteins (Fig. 2 ). In addition, Trp256, which is completely conserved in LigM-like proteins, interacts with the p-aminobenzoate moiety of H 4 folate and is likely to determine the position of the pteridine moiety of H 4 folate.
The crystal structures of the LigM-VNL and LigM-3MGA complexes showed that VNL and 3MGA are situated between the pteridine ring of H 4 folate and the inner surface of the active site cavity (Fig. 4B) . Interestingly, the two substrates are located at nearly the same position with similar interactions. Hereafter, only the interactions between VNL and LigM will be discussed. The carboxylate group of VNL is recognized by Tyr31 and Arg122 via direct hydrogen bonds. The carboxyl group forms another hydrogen bond with a water molecule, which in turn forms a hydrogen bond with Tyr29. A hydroxyl group on the C4 atom of the substrate forms hydrogen bonds with Tyr247 and Asn250. An oxygen atom of the methoxy group (on the C3 atom) of VNL forms hydrogen bonds with His60 and Tyr247. The sequence alignment of LigM- like proteins showed that these five residues are well conserved in the LigM-like proteins ( Fig. 2 ) (the conservation ratio of Tyr247 is 77/78). Interestingly, these amino acid residues are not conserved in the Tproteins. Based on these interactions, we speculated that His60 and Tyr247 are involved in the catalytic activity. To investigate the interactions between H 4 folate and the substrate, the crystal structure of the LigM-H 4 folate-PCA complex was determined (Fig. 4C) . PCA is a product of the catalytic reaction of LigM (Fig. 1) . The crystal structure of the LigM-H 4 folate-PCA complex demonstrated that the binding site and hydrogen bond interactions of PCA are nearly the same as those of VNL and 3MGA (Fig. 4D) , suggesting that the substrate-binding pocket can precisely position the substrate by hydrogen bonds and van der Waals interactions with substrate moieties that are not involved in the catalytic reactions. It should also be noted that the H 4 folate-binding geometry is nearly the same between LigM-H 4 folate-PCA and LigM-H 4 folate complexes.
Model structure of the LigM-H 4 folate-VNL complex
Based on the crystal structures of the LigM-substrate complexes and that of the LigM-H 4 folate-PCA complex, a tertiary-structure model of the LigM-H 4 folate-VNL (LigM-cofactor-substrate) complex was prepared (Fig. 5) . As each of the substrate and H 4 folate-binding sites is nearly the same in the crystal structures determined in this study, it seemed reasonable to prepare the model structure by replacing the coordinates of PCA in the LigM-H 4 folate-PCA complex with those of VNL in the LigM-VNL complex. In the prepared model, no close contacts were found except that between the methyl moiety of VNL and the N5 atom of H 4 folate; the distance between the two groups is only 2.1 A. While the close contacts can be removed by rotating the methoxy group, this geometry might be allowed in the catalytic reaction where the methyl moiety is transferred from VNL to the N5 atom. In order to facilitate the methyl transfer reaction, the oxygen atom of the methoxy group must be protonated. Indeed, there are three candidates for the proton donor, His60, Tyr247, and H 4 folate, near the methoxy group of the substrate (Fig. 5) .
Measurements of enzyme activity
To analyze the functions of amino acid residues around the active site, the levels of enzyme activities exhibited by the wild-type (WT) and mutant LigM were measured. The WT LigM showed k cat and K m values of 0.385 AE 0.003 s À1 and 78 AE 2 lM, respectively, which are comparable to those reported earlier [16] . In addition, binding of VNL, PCA, H 4 folate, and 5-CH 3 -H 4 folate for LigM were analyzed with NMR. The NMR analysis suggested that the affinity of 5-CH 3 -H 4 folate is significantly weaker than that of H 4 folate (Fig. 6 ). This implies that 5-CH 3 -H 4 folate produced by the catalytic reaction can be easily dissociated from the enzyme for the next catalytic reaction. The structural basis of the weak affinity of 5-CH 3 -H 4 folate, however, could not be determined.
The sequence of the substrate and cofactor binding was also analyzed based on the crystal structures. As a tunnel leading to the VNL-binding site remains open after the H 4 folate binding, the substrate and cofactor may bind to the active site in a random manner. Indeed, the order of VNL and H 4 folate addition did not affect the PCA production activity of LigM.
We then performed mutational analysis of LigM. First, the importance of recognition of the carboxyl group of VNL was examined using the Tyr31Ala mutant (Tyr 31 is replaced with Ala). While the NMR binding analysis suggested weaker but significant binding of VNL to the Tyr31Ala mutant (Fig. 6) , the enzyme assay revealed that this mutant lacks enzyme activity (Fig. 7) . This suggests that the hydrogen bond between the carboxyl group of VNL and Tyr31 is critical to place the substrate in the appropriate position that guarantees an efficient catalytic activity. The functional implications of His60 and Tyr247 were also analyzed with the His60Ala and Tyr247Phe mutants. As His60 and Tyr247 interact with the oxygen atom of the methoxy group of VNL, these residues could be involved in the catalytic reaction of LigM. Indeed, the His60Ala and Tyr247Phe mutants showed no enzymatic activities (Fig. 7) in the VNL concentration range from 0.1 to 1.0 mM. An NMR analysis revealed that these mutants can bind both VNL and H 4 folate (Fig. 6 ), but no catalytic activity was detected (Fig. 8) .
As the VNL affinity of the mutants was slightly weaker than that of WT (Fig. 6 ), His60 and Tyr247 are likely to be involved in both substrate binding and the catalytic reaction. The pH profile of the LigM activity was also measured for further analysis of the catalytic mechanism. The profile has a maximum at pH 7.5 and a bell-shaped curve (Fig. 9A) .
Discussion
This study demonstrated an evolutionary relationship between T-protein and LigM, as they share significant similarity in primary and tertiary structures (Figs 2 and  3D ). This study also highlighted several differences that are directly reflected in their distinct catalytic activities.
In the case of T-protein, a two-step catalytic reaction mechanism has been proposed [4] . First, the aminomethyllipoylated lysine is reduced, releasing an iminium intermediate near the bound H 4 folate. Then, the iminium intermediate reacts with the H 4 folate, forming a methylenediamine intermediate. Tyr84, Asp96, Asp97, Asn113 and Arg223 of the E. coli T-protein seem to be required for reduction of the lypoyllysine [4] . In LigM, however, these catalytic residues are not conserved (Fig. 2) . There are several LigM-specific conserved residues around the active site instead. Moreover, as the substrate of LigM consists of lignin-derived aromatic compounds and does not require proteinaceous substrate, the binding site of the H-protein found in the T-protein is corrupted. The crystal structures of the LigM-substrate complexes demonstrated that LigM binds VNL and 3MGA at nearly the same position and situates the methoxy oxygen of the substrate near the Ne atom of His60 and the hydroxyl group of Tyr247 (Fig. 4B) . The two residues are completely conserved in the 78 LigM-like proteins, except Sphingomonas sp. Root710 (accession number, KRB82401). The results of the biochemical analyses with LigM mutants suggested that both His60 and Tyr247 are required for the catalytic activity. In consideration of the pH profile of LigM activity (Fig 9A) , we propose that the methyl moiety of the substrate is replaced with a hydroxyl proton of Tyr247, which interacts with lone pairs of the methoxy oxygen. These results suggest that the lone pair of the N5 atom of H 4 folate attacks the methyl moiety; this attack and Tyr247 facilitate a transfer of the methyl moiety from VNL to H 4 folate, forming PCA and 5-CH3-H4folate (Fig. 9B ). Of course, additional mechanistic studies will be needed to confirm this possibility. Sequence analysis of the LigM-like proteins revealed that the amino acid residues interacting with H 4 folate are well conserved among the ligM-like proteins. Crystallographic analysis showed that Gln93, Glu215, and Trp256 interact with H 4 folate to appropriately position H 4 folate for the catalytic reaction. Trp256 interacts with the p-aminobenzoate moiety of H 4 folate, which seems to play a critical role in positioning the pteridine moiety of H 4 folate in collaboration with Glu215 that forms hydrogen bonds with the N2 and N3 atoms of H 4 folate. As suggested from the sequence alignment table and crystal structures determined in this study, there is an evolutionary relationship between the T-protein and LigM-like proteins. However, they have specific patterns of conserved residues, which are closely related to their catalytic reaction. These facts suggested that LigM-like proteins are not T-proteins but likely to be a class of H 4 folate-dependent O-demethylases. LigMlike proteins seem to have divergently evolved from Tproteins, acquiring an active site structure for O demethylation for small compounds such as ligninderived aromatic compounds. The catalytic mechanism in which His60 and Tyr247 facilitate the methyl moiety transfer is a newly proposed one in this study. The current study and further mechanistic investigations would help to develop an engineered H 4 folate-dependent O-demethylase exhibiting more efficient catalytic activity, which would be necessary for the industrial production of value-added chemicals from ligninderived aromatic compounds [16] .
Materials and methods
Database search and sequence alignment
Amino acid sequences of LigM homologs were retrieved using NCBI BLASTP [17] with the default search parameters.
BLOSUM62 [18] was utilized as a substitution matrix. The homologs were searched in Sphingobium, Sphingomonas, and Novosphingobium genera. The amino acid sequence alignment table obtained by the BLASTP search was manually modified.
Crystal structure determination
LigM was produced, purified, and crystallized as described earlier [14] . Diffraction data of LigM crystals were collected using BL-17A of Photon Factory (PF) at KEK (Tsukuba, Japan) and were processed and scaled by the programs XDS and XSCALE, respectively [19] . Diffraction data of a Pt-derivative crystal for SAD phasing was collected with X-ray irradiation of wavelength 1.0716 A at 1 H 1D NMR spectra were then recorded after adding 180 mM NaOH to return the sample to neutral pH (~pH 7). While the products, PCA and 5-CH 3 -H 4 folate, were observed in the WT reaction sample, no product was observed in either the (B) His60Ala or (C) Tyr247Phe samples. The assignment for each resonance is indicated in (A). The NMR spectra were recorded at 298 K.
NE3A of PF-AR [14] and SAD phasing was performed using AUTOSHARP [20] . Program PHENIX.REFINE [21] was utilized for the crystallographic refinement of all crystal structures reported in this study. Crystals of H 4 folate, VNL, and 3MGA complexes were prepared by the soaking method. Crystals were soaked in the artificial mother liquor (0. 
SEC-MALS analysis
LigM (2.36 mgÁmL À1 ) in 20 mM Tris/HCl (pH 7.5) and 100 mM NaCl was applied to the WTC-030S5 column (Wyatt, Santa Barbara, CA, USA) with a flow rate of 0.5 mLÁmin
À1
. The analysis was performed using a DAWN HELEOSII device (Wyatt) and the obtained data were analyzed with the program ASTRA6 (Wyatt).
Structural comparison and molecular graphics
The superpositions of crystal structures were performed using the LSQ-Superpose and SSM-Superpose routines of the program COOT [22] . The SSM-Superpose routine [23] was utilized to superpose the E. coli T-protein on LigM. For the superposition of LigM structures, the LSQSuperpose routine was utilized. All molecular graphics in this manuscript were prepared using Mac PyMOL (Schro¨-dinger, Cambridge, MA, USA).
Preparation of a theoretical model
Theoretical model of the LigM-H 4 folate-VNL complex was prepared using coordinates of the LigM-VNL and LigM-H 4 folate-PCA complexes. Of the three subunits in the asymmetric unit of each structure, subunits (chain ID) A and B were utilized for the LigM-VNL and LigM-H 4 folate-PCA complexes, respectively. First, subunit A of the LigM-VNL complex was superposed on subunit B of the LigM-H 4 folate-PCA complex with the LSQ-Superpose routine of COOT. The root-mean-square deviation of 0.29 A was obtained. We confirmed that VNL and PCA are well superposed and replace the coordinates of PCA in the LigM-H 4 folate-PCA complex with those of the superposed VNL. The resultant model showed a close contact between the methyl moiety of VNL and the N5 atom of H 4 folate. The close contact could reasonably be removed by rotating the methoxyl group of VNL.
Enzyme assay
LigM (20 or 100 lg of proteinÁmL À1 ) was incubated with 2.5-2000 lM VNL and 1 mM H 4 folate in 50 mM Tris/HCl buffer (pH 8.0) at 303 K. LigM and VNL were mixed and incubated at 303 K for 1 min, and then the reaction was initiated by the addition of H 4 folate, which was also previously incubated for 1 min at 303 K. After incubation for 0.5 min, the reactions were terminated by mixing the reaction solutions with 1.0 N HCl (final concentration of 0.17 N), and analyzed by high-performance liquid chromatography (HPLC; Acquity UPLC System; Waters, Milford, MA, USA) using a BEH C18 reverse phase column (1.7 lm particle size, 2.1 9 100 mm; Waters) at a flow rate 
